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SUMMARY

The present experiment examined both the applicability of Fitts' Law and the uniformity of this relation
over a two-dimensional target space. Once multidimensional teovement is considered, rather than single
dimensional movement, then many of the structural issues associated with multidimensional perceptual
research can be raised in a new domain. The present work has illustrated how examination of the spatial
symmetry of speed.accuracy trade-off relations can raise interesting structural questions regarding the
underlying motor and perceptual processes. This approach is not limited to the Fitts' Law paradigm. Similiar
issues can be raised within the contexts of other discrete and continuous movement paradigm as well. For
example, Naavon, Gopher, Chillag, and Spite (1982) have examined whether horizontal and vertical axes
tracking tasks combine as integral or separable dimensions of dual axis tracking. Eventually, these multidi-
mensional approaches to movement analysis may provide a greater integration of knowledge about percep.
tual and motoric symmetry.
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INTRODUCTION

The time to move from a home position to a stationary target of prespecified width has generally been found
to be a logarithmic function of the required movement accuracy. Namely,

MT=a+ bLog2[wA] (1)

Where MT is movement time, A is the distance from the home position to the target center, and W is the
target width. The ratio A/(W/2) is the required accuracy of the movement, and the speed-accuracy relation-
ship represented by Equation I is referred to as Fitts' Law (Fitts and Peterson, 1964).

Although by no means the only empirical speed-accuracy tradeoff for discrete movements (eg., see Schmidt,
Zelaznik, Hawkins, Frank, and Quinn, 1979: Howarth, Beggs, and Bowden, 1971), Fitts' Law has received a
good deal of attention partially because of its applicability to industrial assembly tasks (Langolf, Chaffin,
and Foulke, 1976), vehicular control (Drury, 1975; Hartzell, 1982), and military and industrial target acquisi-
tion tasks (Card, English, and Burr, 1978; Jagacinski, Repperger, Moran, Ward, and Glass, 1980). Another
reason for this attention is the generality of this speed-accuracy relationship across a wide range of muscle
groups and movement amplitudes (Drury, 1975; Langolf, et al, 1976). The present experiment attempted to test
further the generality of this relationship in two ways. First, does Fitts' Law generalize to head movements?
The use of head movements has received attention both for aircraft pilots faced with many simultaneous
control tasks (Barnes and Sommerville, 1978) and for handicapped individuals who have lost control of their
hands and arms (Soede, Stassen, van Lunteren, and Luitse, 1973). Levison, Zacharias, Porterfield, Monk, and
Arbak (1981) recently found that for a continuous pursuit tracking task, manual and head tracking had very
similar structure, once the additional dynamics of the head were taken into account. The present experiment
compared discrete manual and head movements in a target acquisition task. Subjects used either a joystick or
a helmet-mounted sight to control a cursor displayed on a CRT screen. Their task was to capture a circular
target by positioning the cursor over the target as rapidly as possible. The question of interest was whether
Fitts' Law would generalize to head movements.

A second issue in this experiment was whether Fitts' Law would generalize to two-dimensional movements.
In previous experimentation, subjects' uncertainty as to movement direction has generally been restricted to
two radii extending from the home position and differing by 1800. Target location was thus restricted along a
one-dimensional axis on any given trial. One exception was a study of CRT text selection by Card et al (1978)
in which the target angle could appear over a 900 quadrant. Fitts' Law provided a good approximation to
movement times with a mouse and with a nonlinear isometric rate-controlled joystick, although there were
some systematic deviations from Fitts' Law for the latter controller. Movement angle did not have a
statistically significant effect with the mouse. With the joystick, diagonal movements took longer by approx-
imately 3% of the ovemean movement time. In the present experiment, angular uncertainty was varied over
360'. Targets could randomly appear along any of eight radii covering a circular two-dimensional region
(Figure 1). Of interest was whether a two-dimensional generalization of Fitts' Law could be found over this
range.
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FIGURE 1 - Twenty-four target locations along eight radii. Distance from the center starting position is in
degrees of visual angle.

Two examples of possible two-dimensional generalizations of Fitts' Law based on multidimensional metric
scaling are shown in Figures 2 and 3. In these figures the horizontal and vertical coordinates of the
two-dimensional target space are respectively referred to as x andy. The distance from the home position to
the target center can then be described in terms of horizontal and vertical components Ax and Ay. In Figure 2,
these two components are combined by a Euclidean combination rule. The effective movement amplitude is
(2A + A) 112. According to this rule, the effective movement amplitude is the shortest physical distance
between the home position and target center. Movement direction is therefore unimportant in determining
movement time; diagonal, horizontal, and vertical movements of the same Euclidean amplitude A will all be
performed in the same amount of time. The movement space is uniform with respect to direction, and there is
no special significance to the particular set of orthogonal coordinates chosen to describe this space.



EUCLIDEAN COMPOSTION RULE

MT=atbLog2 2 A2-4A

w
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FIGURE 2 - A Euclidean composition rule for movement time, MtT in terms of horizontal (U) and vertical
(y) coordinates.

CITY-BLOCK COMPOSITION RULE

MT a+ b Log 2 2 (Ax +AV)
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FIGURE 3 - A City-block composition rule for movement time, MT,~ assuming the horizontal (x) and

vertical (y) axes are the principal axes.
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The Euclidean combination rule for Ax and Ay can be contrasted with the City-block combination rule
shown in Figure 3. According to this rule, the effective movement amplitude is Ax + Ay, analogous to the
distance one would have to travel in a city in which the streets ran along the x and ydimensions. The
horizontal, vertical, and diagonal movements that all took the same amount of time with the Euclidean
combination rule are no longer equal. Consistent with the analogy of moving through an array of city blocks,
movement is more efficient when it is along only one of the two principal axes, x or y. This movement space is
not uniform, and there is a special significance to the set of coordinate axes used to describe the space.

The two combination rules in Figures 2 and 3 are by no means exhaustive, but they are illustrative of the
structural issues involved in generalizing a speed-accuracy relation to two dimensions. These rules both have
the property of reducing to the usual one-dimensional formulation of Fitts' Law if either Ax or Ay is set to zero.
Similar combination rules can also be hypothesized for the horizontal and vertical dimensions of the target,
Wx and Wy. However, only circular targets were used in the present experiment, so that target width is
represented by a single parameter, W, in Figures 2 and 3.

The Euclidean and City-block combination rules are examples of Minkowski metrics (Coombs, Dawes, and
Tversky, 1970), which have received a good deal of attention in research on multidimensional aspects of
perception. Researchers have been interested in multidimensional spatial representations of the similarity
among stimuli. Of particular interest has been whether such a space was best described in terms of a
particular set of most salient dimensions, or whether the space was uniform (Shepard, 1964; Pachella,
Somers, and Hardzinski, 1981). The present experiment raised a similar question with regard to the speed-
accuracy characteristics of discrete movements. Is the movement space uniform in terms of speed-accuracy
relations, or is there a particular salient set of axes along which movement is more efficient? By examining
the spatial symmetry of speed-accuracy relations, one can then proceed to look for similar symmetry in the
underlying perceptual and motor processes that generate such movements.

9



METHOD

SUBJECTS

Subjects were seven male and one female employee of Systems Research Laboratories, who had previously
participated in tracking experiments. They ranged in age from 20 to 28 years. All subjects were right-handed
and were pretested to determine that they expected to push forward on the joystick to make the cursor move
upward. Directional incompatibility with the joystick control was thus avoided.

APPARATUS

For the manual capture task, subjects used a Measurement Systems 525 X-Y potentiometer joystick. The
joystick shaft was 6 cm long, .4 cm in diameter, and not spring centered. The range of travel was 450 away
from the center position in all directions, and the gain was set at.34° visual angle per 1 0 ofjoystick movement.
The orientation of the joystick was such that the joystick was vertical when it was centered in both
dimensions. There was negligibly small hardware noise in both axes (standard deviation -. 010 visual angle).

For the head movement capture task, subjects wore a 1.5 kg helmet-mounted sight that used two rotating
infrared-beams for the measurement of head position. The X-Y position of the head was updated at a 30 Hz
rate by this system. Its hardware noise had an approximate Gaussian amplitude distribution and 6 Hz
bandwidth. However, the standard deviation of the amplitude distribution was .070 visual angle in the
horizontal axis and only .02' visual angle in the vertical axis. In order to avoid possible asymmetries in
capture times due to this difference in noise amplitude, additional noise of 6 Hz bandwidth was added to the
vertical axis to equate it with the horizontal axis. The gain of the helmet-mounted sight was V visual angle
per 10 of head rotation. Scaling and zeroing of both the helmet-mounted sight and the joystick were
accomplished through an Electronics Associates TR-20 analog computer.

The targets were displayed as circles on a Hewlett Packard 1310A X-Y display with P4 phosphor. The circles
were generated by an IMLAC PDS-4 graphics terminal underthe control of a PDP 11/34 computer. This latter
computer also sampled and stored the outputs of the joystick and helmet-mounted sight at a 90 Hz rate after
the signals had passed through 15 Hz Butterworth filters. These signals were always displayed to the subject
as a single-dot cursor on the X-Y display. The aiming reticle feature of the helmet-mounted sight was not used.

PROCEDURE

Seventy-two stationary circular targets were created from a factorial crossing of eight radii, three move-
ment amplitudes (A), and three target diameters (W). The eight radii corresponded to 0 ° , 450, 900, 1350, 1800,
2250, 2700 and 3150.00 corresponded to the three o'clock position, and the angles increased counterclockwise
(Figure 1). Tne three movement amplitudes were 2.450, 4.280, and 7.50' visual angle as measured from the
center of the X-Y display to the center of the target circles. The three target diameters were .300, .520, and .92°

visual angle for the joystick, and .400, .700, and 1.220 visual angle for the helmet-mounted sight. The larger
target widths were used for the helmet-mounted sight because of its greater hardward noise.

At the start of a trial the smallest diameter target appeared at the center of the X-Y display, The subject
controlled the position of a cursor, which appeared as a small dot. In order to begin a trial, the subject first had
to hold the cursor within the centering circle for 330 msec. When this criterion was achieved, the centering
circle was replaced by the medium diameter circle for 250 msec as a warning signal. Then, the smallest
diameter circle appeared again for 250 msec. Provided the cursor stayed within the centering circle for this
latter 250 msec interval, the trial began. If the cursor drifted out of the centering circle, the cursor had to return
for a continuous 250 msec interval before the trial began.

A trial began with the disappearance of the centering circle and the simultaneous appearance of one of the
72 targets. The subject's task was to move the cursor within the target circle and hold it there for a period of
344 msec, of which no more than 67 msec could be spent momentarily outside the target circle. When this
criterion was met, the target was captured, and it disappeared from the X-Y display. The 67 msec aspect of the
capture criterion avoided penalizing the subject for slight amounts of jitter. Four seconds after a target was
captured, a new trial began with the appearance of the centering circle.
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Three temporal measures of performance were recorded for each trial. Reaction time was defined as the
period beginning with the disappearance of the centering circle and ending when the distance between the
cursor and the center of the X-Y display exceeded the radius of the medium size warning target circle. Capture
time was defined as the period beginning with the appearance of the target and ending at the start of the 344
msec capture period. Movement time was defined as the difference between capture time and reaction time.

DESIGN

Each experimental session consisted of nine practice trials followed by 108 data trials. After a two-minute
break, there were another nine practice trials and another 108 data trials. The 216 data trials consisted of a
random ordering of three replications of each of the 72 targets. At the end of each session, subjects were told
their mean capture time for that session to encourage motivated performance. Also, at the beginning of each
session, subjects were shown a graph of their daily capture times up to that point, and also the capture times
of other subjects.

Each of the eight experimental subjects used both the joystick and the helmet-mounted sight. Four subjects
were randomly chosen to start with the joystick, and the other four subjects started with the helmet-mounted
sight. Subjects practiced with their assigned control system until they reached a performance asymptote.
Asymptote was defined as four consecutive days in which the mean capture time for each of the days did not
differ from the overall mean across days by more then 3.5 percent. After each subject reached asymptote, he or
she was transferred to the other control system and again practiced until reaching asymptotic performance.

11



RESULTS

APPLICABILITY OF FITTS' LAW

Subjects took from six to eighteen days to reach asymptotic performance with the manual joystick and
from seven to twenty-nine days with the helmet-mounted sight. For each subject's last four days of perfor-
mance with each control system, a daily median reaction time, movement time, and capture time were
calculated for each of the 72 different targets. For each of the nine combinations of movement amplitude, A,
and target diameter, W, means of these medians were calculated across the eight different radii, the last four
days of performance, and the eight subjects. Mean movement times are shown in Figures 4 and 5. Each data
point is the mean of 8 x 4 x 8 = 256 medians, and each median is based on three trials. Fitts' Index of Difficulty,
Log2 (2A / W), was found to be a good linear predictor of the joystick movement times (r .98), but a somewhat
poorer predictor of the helmet-mounted sig.t movement times r= .93). The major difficulty with these latter
data was that the movement times for the smallest target diameter were surprisingly long (Figure 4).
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FIGURE 4 - Mean movement times with the helmet-mounted sight for each of nine combinations of
movement distance, A, and target diameter, W, averaged across the eight radii. Triangles,
circles, and squares respectively refer to .40', .700, and 1.22' target diameters.
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FIGURE 5 - Mean movement times with the joystick for each of nine combinations of movement distance,

A, and target diameter, W, averaged across the eight radii. Triangles, circles, and squares
respectively refer to .300, .520, and .920 target diameters.
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One modification in the Index of Difficulty that might improve the linear fit to these data is to represent
explicitly the effects of the hardware noise in each control system. Namely, the cursor position randomly
varies over a small, approximately circular distribution due to random perturbations in th- control system
hardware. The subject's task is thus somewhat analogous to placing a peg in a hole, except that the "peg" in
this case is the result of a two-dimensional noise distribution rather than being a physically constant peg.
Researchers investigating the applicability of Fitts' Law to peg insertion tasks have previously taken the
effective target diameter to be the difference between the peg diameter, W0 , and the nominal target diameter,
W (Fitts, 1954; Langolf et a, 1976). The modified Index of Difficulty is then Log2[2A/(W-Wo)]. For the
present task the "peg" width, Wo, was defined as the smallest diameter target that theoretically could be
captured on 90% of the trials if the subject perfectly positioned the cursor at the target center. The values for
Wo were .330 for the helmet-mounted sight and .070 for the joystick. The resulting movement time correlation
coefficients obtained from this modified Index of Difficulty were .99 for both the joystick and helmet-mounted
sight (Figures 4 and 5).

A conservative test of the statistical significance of these increased correlations can be obtained by treating
Wo as though it were a fitted parameter rather than a parameter derived from the characteristics of the
system hardware. An F-test for extra degrees of freedom can then be performed. The numerator is the
reduction in the residual variance obtained with the parameter Wo, divided by the additional degrees of
freedom (i.e., one). The denominator is the residual variance with the more elaborate Index of Difficulty,
divided by its degrees of freedom (i.e., six). The improvement in the correlation coefficient was found to be
statistically significant (p < .05) for both the joystick and the helmet-mounted sight. The modified Index of
Difficulty was therefore iiied in all subsequent analyses.

The regression equations for the means of the median reaction times (RT), movement times (MT), and total
capture times (cT) are shown in Table 1. The movement time equations are for the data in the right panels of
Figures 4 and 5. The reaction time regression equations had zero slopes. The capture time regression
equations had approximately the same slopes as the movement time equations.

Table I

Regression equations for all eight radii

Helmet-mounted sight:

RT .3552+.000L02 [2A/(w-.33] r .09
MT -.268+.199 Log2 [2A/(W -. 33)] r .99

CTo= .085+.20010g2 [2A/(W- .33)] r .99

Joystick:

RT .250 + .000 Log2 [2A/(W -. 07)] r .00

MT -.303+199 Lg2 [2A/(W- .07)] r =.99

CT -.053+.l99 L092 [2A/(W-)I r =.99

14



ALTERNATIVE METRICS FOR MOVEMENT SPACE

The initial analysis revealed that a modified version of Fitts' Index of Difficulty was a good predictor of
movement times and capture times averaged across the eight radii. A second issue of interest is whether or not
some radii permit more efficient movements than others. An Euclidean movement space would have all radii
of equal difficulty; a City-block movement space would have one orthogonal set of dimensions be most
efficient.

In order to test these different possible structures of the movement space, the three temporal measures,
reaction time, movement time, and capture time, were analyzed separately for two sets of radii. The two
horizontal and two vertical radii formed one set, and the four diagonal radii formed the other set. For each
subject, median times for each of the nine combinations of movement amplitude, A, and target width, W, were
averaged across the last four days of performance and across the four radii in each set. Regression lines were
fit to each subject's data for each set of radii. Correlation coefficients ranged from -.48 to .55 for reaction times,
.93 to .99 for movement times, and .93 to .99 for capture times. A t-test for paired comparisons was performed
on the slopes of the regression lines and the mean times for each of the three temporal measures. Means were
tested rather than intercepts because the mean is statistically independent from the slope of the regression
line and has a smaller standard error than the intercept (Draper and Smith, 1966).

The results of these analyses are summarized in Table 2, which shows the average (mean) values of slopes
and means across the eight subjects. There were no significant differences in slope between the horizontal-
vertical radii and the diagonal radii for any of the three temporal measures. For the helmet-mounted sight,
mean movement times were .062 sec longer and mean capture times were .066 sec longer for the diagonal radii
(p < .05). For the joystick, mean reaction times were .003 sec shorter and movement times were .038 sec longer
for the diagonal radii (p < .05). The mean capture time difference for the joystick (.035 sec) just missed
statistical significance ( = 2.28), apparently due to the difference in sign between the reaction time and
movement time effects. Figure 6 shows mean movement time as a function of the eight different radii. Overall,
these results indicate that movements along the horizontal-vertical radii tended to be more efficient than
movements along the diagonal axes for both the helmet-mounted sight and the joystick. This tendency was
somewhat more pronounced for the helmet-mounted sight. These results reject the Euclidean model of a
uniformly efficient movement space.

.8 HELMET- MOUNTED SIGHT

.7

U .6

uw .5
_JOYSTICK

I.-
.4z

LIJ
2 .3IAJ

S .2

.1

0 45 90 135 180 225 270 315

TARGET ANGLE ( DEGREES )

FIGURE 6 - Mean movement time as a function of the eight radii.
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Table 2

Performance along the horizontal-vertical and diagonal axes

Slopes (sec/bit)

RT MT CT

Helmet-mounted sight:

Horizontal-vertical .000 .200 .200

Diagonal .000 .198 .199

Joystick:

Horizontal-vertical .000 .203 .202

Diagonal .000 .195 .195

Means (sec)

RT MT CT

Helmet-mounted sight:

Horizontal-vertical .355 .682 1.035

Diagonal .360 .744* 1.101*

Joystick:

Horizontal-vertical .252 .526 .778

Diagonal .249* .564* .813

*Significantly different from horizontal-vertical, p < .05

The City-block model of the movement space states that there is a set of most efficient movement axes. If
these axes are taken to be the horizontal and vertical axes in the present experiment, then the movement
times for the diagonal axes should (1) have the same slope as the horizontal-vertical axes, and (2) have a mean
that is longer by one-half the slope (Figure 3). The results in Table 2 indicated that there were no significant
differences in the movement time slopes between the horizontal-vertical radii and the diagonal radii. Thus
condition (1) was satisfied within the limits of statistical power for this experiment. Condition (2) was tested
by multiplying the slope of the movement time regression line for all eight radii by one-half and subtracting it
from the difference between the mean diagonal and mean horizontal-vertical movement times for each
subject. If the City-block model is correct, the result of this calculation should be approximately zero.
However, a t-test revealed that across subjects the resulting calculation tended to be different from zero for
both the helmet-mounted sight and the joystick (p <.05). The City-block model predicts about a. 100 sec mean
difference between the diagonal and horizontal-vertical axes for both the helmet-mounted sight and joystick.
The obtained differences (.062 sec and .038 sec) are smaller than this prediction. Therefore, the City-block
model must also be rejected.
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DISCUSSION

APPLICABILITY OF FITTS' LAW

Generalities. The present experiment has helped to generalize the applicability of Fitts' Law in three ways.
First, Fitts' Law has been found to be a useful predictor of target acquisition times in a two-dimensional array
in which angular uncertainty varied over 360'. The finding of slightly longer diagonal movement times is
consistent with the results of Card et al (1978) for the rate-controlled joystick, but not for the mouse. In another
previous study, Jorgeson (1966) working with Pew varied the angle relative to the body with which subjects
performed blocks of one-dimensional horizontal arm movements. They found that mean movement times
increased as the angle changed counter-clockwise from 00 to 1800 (Figure 1). This pattern is quite different
from the one found in the present experiment, and the reasons for this difference are presently unknown.

Secondly, the present results generalize previous analyses of peg insertion tasks to systems in which the
"peg" is formed by a stochastic noise distribution. Hardware noise can be considered as decreasing the
effective target width, and use of the effective target width in the Index of Difficulty significantly improved
the linear prediction of target capture times.

Thirdly, the present results indicate that target acquisitions performed with head movements are well
described by Fitts' Law. Previously, Fitts' Law has been found to hold for arm, wrist, and finger movements
(Langolf et al, 1976) and foot positioning movements primarily involving the lower leg (Drury, 1975). This
generality with regard to the particular limb indicates that the basis for Fitts' Law cannot be muscle group
specific.

Although Fitts' Law was found to hold for both head and hand movements, there was a major difference in
performance levels. The reaction times, movement times, and capture times for the helmet-mounted sight
were all longer than the corresponding measures of joystick performance. These results parallel the findings
of Levison et al (1981) for continuous pursuit tracking. Namely, they found striking similarities in the
structural aspects of manual and head tracking; however, the overall performance level for manual tracking
was superior. The present results should not, however, be regarded as indicative of the best performance
possible with head movements. First of all, the helmet-mounted sight in the present experiment was quite
heavy, and the newer lighter weight helmets might well yield faster capture times. For example, Fitts (1954)
found that increasing the weight of a stylus increased the time to perform arm movements. Secondly, the
subjects in the present experiment all had previous experience with laboratory manual tracking tasks, but
none had comparable experience with head tracking. Two subjects who took 26 and 29 days to reach
asymptotic performance with the helmet-mounted sight had mean capture times of.842 sec and .865 sec over
their last four days of performance, which were very close to their respective joystick capture times of .725 sec
and .906 sec. Although one cannot draw any firm conclusions from these observations, further investigation
of more extended practice appears necessary before estimating the absolute performance levels possible with
a helmet-mounted sight.

Limitations. Despite these generalities with regard to Fitts' Law, several limitations of these findings
should be considered. First, the targets used in this experiment were stationary rather than moving targets.
Jagacinski, Repperger, Ward, and Moran (1980) have shown Fitts' Law does not hold for the capture of
one-dimensional moving targets with a position control system, and similar limitations may apply in two
dimensions.

Secondly, the present experiment specified the required target width and measured movement time as a
dependent variable. Experiments in which desired movement time has been specified by the experimenter
and effective target width, We, measured as a dependent variable (e.g., Schmidt et al, 1979) have found
movement time to be a linear function of A / We rather than a logarithmic function. Meyer, Smith, and Wright
(1982) have attempted to incorporate both of these speed-accuracy relations in a theory of discrete move-
ments. Similar integrations with the results of Howarth et al (1971) would contribute toward a more general
theory of speed-accuraccy tradeoffs for discrete movements.
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Thirdly, Fitts' Law may not hold for Indices of Difficulty very much larger or very much smaller than those
used in the present experiment. For example, Klapp (1975) showed that for targets having a very low Index of
Difficulty, movement times eventually reached an asymptotic lower bound. For targets of very large Index of
Difficulty, one would expect tremor to become an increasingly important factor, and movement times might
begin to rise very rapidly. However, this latter point remains to be tested. Subject to these limitations, the
present experiment has found Fitts' Law to be a good predictor of the time to capture stationary targets of
specified width in a range of required movement accuracies from roughly two to eight bits.
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METRIC DESCRIPTIONS OF MOVEMENT SPACE

Both the helmet-mounted sight and the joystick control systems had slightly faster movement times along
the horizontal and vertical axes than along the diagonal axes. This nonuniformity rejects the Euclidean
model for two-dimensional movement in Figure 2. The sizes of the effect, .038 sec for the joystick and .062 sec
for the helmet-mounted sight, were not as large as predicted by the City-block model in Figure 3. While these
effects are relatively small, they may be of considerable theoretical interest.

The source of the nonuniformity of movement efficiency could be asymmetries in the laboratory hardware
or asymmetries in the perceptual and/or motor systems of the subjects. Hardware asymmetries could be
attributed to two sources. The joystick construction involved lateral and fore-aft axes of rotation, which
respectively corresponded to the horizontal and vertical axes of the visual display of the cursor and target.
Diagonal targets required movements about both joystick axes. Although mechanical resistance felt negligi-
ble, it is possible that it was slightly greater for diagonal movements. However, if this were the case and the
effect was large enough to influence performance, one would also expect longer reaction times along the
diagonal axes. In contrast to this expectation, joystick reaction times were very slightly shorter along the
diagonal axes. Therefore, this explanation seems unlikely.

For the helmet-mounted sight, the asymmetric shape of the helmet plus head might cause the moment of
inertia to be greater along the diagonal axes. Once again, if this effect were large enough to affect perfor-
mance, one would expect longer diagonal reaction times. Diagonal reaction times were in fact .005 sec longer,
although this difference was not statistically significant. Formal measurements of moments of inertia are
necessary to further explore this possible explanation.

A second possible explanation is that perceptual factors were responsible for longer movement times along
the diagonal axes. For example, if visual acuity was superior in the horizontal and vertical axes, this factor
might account for the present results. Assessments of visual acuity over the two-dimensional space have
apparently not yet been performed, so this point is at present a matter of speculation.

A third possible explanation is that motor programming is more efficient along the horizontal and vertical
axes. For the joystick system, reaction times along the diagonal axes were .003 sec faster. This result might
indicate slightly less detailed programming of the initial submnovement (e.g., see Klapp, 1976). However, this
explanation could not apply to the helmet-mounted sight system, where no statistically significant reaction

time differences were found, and the diagonal reaction time was .005 sec longer than the horizontal-vertical
reaction time.

Another type of motoric explanation concerns the details of coordinating different sets of muscles. If one
assumes that a discrete set of muscle groups is used to perform two-dimensional movements, then the
geometric orientation of these muscle groups might create preferred directions along which movement
efficiency would be superior. For example, Figure 7 shows a horizontal agonist-antagonist muscle group (1
and 1') and a similar vertical muscle group (2 and 2'). These muscle groups are schematically represented as
pairs of opposing springs (Asatryan and Fel'dman, 1965). For a horizontal or vertical movement, only one
pair of springs needs to be activated. However, for diagonal movements, both pairs must be activated.
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MOVEMENT WITH TWO ORTHOGONAL MUSCLE GROUPS
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FIGURE 7 - Movement times for serial and parallel coordination schemes.

Two extremes in the many ways the two muscle groups might be activated are serial and parallel activation
(Figure 7). Serial activation represents a minimal kind of coordination in which first one muscle group is
activated and then the other. A diagonal target would thus be reached by a horizontal movement followed by
a vertical movement, or vice versa. If each of these movement times were described by Equation 1, then the
total movement time would be
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MT = 2 +a bUog2 [L. A W (2)

MT =21a + b1,0g2 [ri1 b(3

MT = 2MTh.v (4)

MTh-v is the movement time for a horizontal or vertical movement with amplitude A and target width W.
Average values of MTh.v were larger than the slope, b, for all combinations of A and W in the present data.
Therefore, the serial activation model predicts longer movement times for diagonal movements.

In the case of parallel activation, the two muscle groups are activated simultaneously. The movement time
for the diagonal movement is then

MT = 2 a + bLog2 [2(.77)A] (5)

MT = 2 a + bLog2 fA] -. 5b (6)

which is .5b less than the time for a horizontal or vertical movement with the same values of A and W. At first
this prediction seems counterintuitive in that activating more muscle groups would be expected to have some
dual-task decrement. However, the assumption of parallel activation is essentially one of perfect coordina-
tion. Movement time is decreased because the movement amplitude for both muscle groups is less than for the
corresponding horizontal or vertical movement with parameters A and W.

Both the serial and parallel activation models can be rejected for the present data. Inspection of movement
trajectories revealed that diagonal targets are not approached via a single horizontal movement followed by
a single vertical movement (or vice versa), so the serial model is rejected. If the muscle groups are aligned
diagonally rather than vertically and horizontally as in Figure 7, then the prediction of the parallel activation
model is identical to the City-block model of Figure 3. This version of the parallel activation model can
therefore be rejected. If the muscle groups are taken as shown in Figure 7, then the parallel activation model is
rejected because the diagonal movements were found to be longer rather than shorter than horizontal and
vertical movements. Combinations of parallel and serial muscle activation cannot be rejected. However, more
direct measurements of muscle activation are necessary to explore why movement along the horizontal and
vertical axes is more efficient.
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REFERENCE NOTE

Jorgeson, C.M. A study of variables affecting human motor responses. Unpublished manuscript. University
of Michigan, 1966.
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